INTRODUCTION
thereby affecting cell death, embryonic viability, and hatchability . Although the contribution of albumen pH during storage to hatchability rate is controversial, a crucial role has been attributed to albumen pH during early incubation . The contribution of albumen pH during storage, as Reijrink et al. (2008) stated, is not important to hatchability, whereas an early report suggested a critical role for albumen pH during the holding period (Becker et al., 1968) . It seems that further research is needed to clarify the role of albumen pH during storage in hatchability.
Storage of hatching eggs is associated with an increase in albumen pH to levels around 9.5 (Lapão et al., 1999) . This increase is attributed to the weak buffering capacity of albumen between the pH values of 7.5 and 8.5 (Cotterill et al., 1959) . The long-term storage of hatching eggs has been suggested to reduce the buffering capacity of albumen (Stern, 1991) and hatchability (Fasenko, 2007) , because the albumen pH does not correspond to the optimal pH for embryonic development (7.9 to 8.4; Reijrink et al., 2008) . A hypothesis was tested that the in ovo injection of biological buffers may reinforce the buffering capacity of albumen, thereby attenuating the increase in albumen pH during storage and improving hatchability and chick quality. To our knowledge, the effects of prestorage in ovo injection of biological buffers on internal characteristics, hatchability, and chick quality in longterm stored eggs have not been investigated previously. Therefore, the present study aimed to provide a more suitable microenvironment for embryo during extended holding periods through in ovo injection of 4 wellestablished biological buffers, including HEPES [H; , Bicine [B; N, -glycine], Tris [T; Tris(hydroxymethyl)-aminomethane], and Bis-Trispropane {BTP; 1,3-Bis [Tris(hydroxymethyl)-methylamino] propane}. The findings of the present work may also shed more light on the contribution of albumen pH during storage to hatchability in long-term stored eggs. As it has been generally accepted that poorer-quality eggs are more sensitive to storage conditions (Elibol and Brake, 2008) , eggs from an old flock were used. To make a better interpretation of hatchability data, the egg internal quality characteristics were also evaluated at certain times postinjection.
MATERIALS AND METHODS

Buffer Solutions
The chemicals used in the present study were purchased from Sigma Chemical Co. (St. Louis, MO). Dissolving the chemicals in sterilized distilled water (DW) under a biological hood, the low-(25 mM; H 25 , B 25 , T 25 , and BTP 25 ) and high-(50 mM; H 50 , B 50 , T 50 , and BTP 50 ) molarity buffer solutions were prepared. The preparation, ionic strength, and buffering capacity (β) of the solutions are shown in Table 1 . The pH of the solutions was adjusted to 8.2 for a working temperature of 13°C, using Buffer Maker 1.0.1.55 Software -2009 . To prevent any contamination, the solutions were sterilized using syringe filters (0.22 µm), autoclaved, as were all utensils and containers, for 20 min (120°C), and maintained at 4°C away from sunlight until injected.
Treatments and Storage
A total of 2,420 hatching eggs of approximately similar weights (65 ± 1 g) were obtained from a 48-wk-old Ross 308 breeder flock (4 replicates of 55 eggs per treatment). Each replicate of eggs served as the experimental unit. The treatments consisted of the control (intact), needle pricked (N), injected with DW, H 25 , H 50 , B 25 , B 50 , T 25 , T 50 , BTP 25 , and BTP 50 . The solutions were placed at 13°C before injection. At injection, the eggs were initially cleaned with ethyl alcohol (70%), and the blunt ends were penetrated by a micro-needle, taking care not to injure the outer egg membrane. The penetration site was then cleaned again with ethyl alcohol, and the solutions were injected into the albumen (0.5 mL/egg) at a depth of 12 mm (Ebrahimi et al., 2012) , using another disposable syringe equipped with a 27-ga needle. The eggs in group N were just pricked without injecting any solution. The eggs were then sealed with melted wax, received an identification number, fumigated for 20 min with formaldehyde gas, and stored for 14 d (13°C; 75% RH) with their blunt ends up until incubation.
Egg Internal Quality and Incubation
At 1 (before injection), 2, 3, 4, 5, 8, and 13 d of storage period, 3 eggs/replicate per time (n = 12 eggs/ treatment per time; 924 eggs in total) were randomly selected to evaluate egg internal quality characteristics. The eggs were broken open to determine the albumen pH, albumen index (100 × albumen height divided by average of thick and thin albumen diameters), yolk index (100 × yolk height divided by yolk diameter), yolk percentage (100 × yolk weight divided by egg weight), and Haugh unit (HU) according to the equation: HU = 100 × log [H -(1.7 × W 0.37 ) + 7.57], where H and W stand for the albumen height (mm) and egg weight (g), respectively. To eliminate the effect of presence of the blastoderm on albumen (Benton et al., 2001) , the blastoderms were examined to verify fertility (Spencer et al., 1978) and infertile eggs (n = 73 eggs out of 924 eggs) were not taken into account. At 14 d of storage, the remaining eggs (n = 34 eggs/replicate; 1,496 totally) were set on turning trays and allotted to the same side of trolleys for minimal possible positional effect. The eggs were then fumigated (8 h), preincubated at 24°C (65% RH), and set in the same incubator (Petersime, Zulte, Belgium; specific dry-bulb temperature of 37.7°C and wet-bulb temperature of 29°C for 18 d). The eggs from each replicate were placed under pedigree basket and transferred to the hatcher for remaining 3 d. After emergence, the chicks were examined macroscopically and classified as first-grade (of good quality) or culls. The first-grade chick was characterized as being clean, dry, and free from deformities (no skin lesions, wellformed beak, normal conformation of legs), completely sealed navel without yolk sac or residual membrane protruding from the navel area (Tona et al., 2004) . All unhatched eggs were broken open to determine the age of embryo at death (Hamburger and Hamilton, 1951) which presented as early (0 to 6 d), mid (7 to 17 d), or late (18 to 21 d plus pipped) embryonic mortality.
Statistical Analysis
The data were tested for equality of variances and normality using the Levene's and Kolmogorov-Smirnov tests, respectively. An arc-sine transformation was used for yolk percentage and hatchability data to obtain normally distributed data. Data on the egg internal quality indices were subjected to 2-way ANOVA for which the effects of solutions, time, and their interaction were included in the model. The hatchability data were analyzed by 1-way ANOVA in which the reweighted leastsquares procedure was used with the number of fertile eggs per replicate as the weight. Where significant differences were found by the PROC GLM (SAS Institute Inc., 2002), the means were compared using the leastsignificant difference procedure (SAS Institute Inc., 2002) . Statements of statistical significance were based upon P ≤ 0.05 unless otherwise indicated. Table 2 shows the effects of treatment, time, and their interaction on egg internal characteristics. In ovo injection of biological buffers influenced the albumen pH (P = 0.0004) and HU (P = 0.031), although albumen index, yolk index, and yolk percentage were not affected (P > 0.05). A decrease in albumen pH was found for eggs in H 25 (8.63), H 50 (8.64), B 50 (8.75), and BTP 25 (8.79) compared with that of the control group (8.96). The HU values recorded for H 50 (78.5) and B 50 (78.0) groups were higher than that of the control (72.5). All the egg characteristics were influenced by the main effect of time (Table 2) . Furthermore, treatment and time interacted to affect albumen pH (P = 0.001), albumen index (P = 0.001), and HU (P < 0.0001).
RESULTS
A decrease in albumen pH was found for H 25 , H 50 , B 50 , and BTP 25 as early as d 2 postinjection, which persisted up to d 5 but disappeared thereafter (Table  3) . Independent of buffer injection, albumen pH showed an increasing trend toward 13 d of storage during which the values ranged between 8.15 (d 1) and 9.57 (d 13). As shown in Table 4 , a late difference in albumen index was observed at 13 d of storage where the values recorded for H 25 (64.9), H 50 (65.7), and B 50 (65.0) were higher than that of the control (55.7). No differences Table 1 . Preparation, ionic strength, and buffering capacity of buffer solutions used for the prestorage in ovo injection of long-term stored hatching eggs For each buffer, low-(25 mM) and high-(50 mM) molarity solutions were prepared.
2 Sterilized distilled water was added to each solution so that a final volume of 50 mL was prepared. The eggs were injected (0.5 mL/egg; d 1) and stored for 14 d (13°C and 75% RH).
were noted among the treatment groups at other times of sampling (Table 4) . A decreasing trend was found for albumen index during the storage in experimental groups, excluding H 25 , H 50 , and B 50 where the albumen index was not affected by time (Table 4 ). The effect of in ovo injection of biological buffers on HU is presented in Table 5 ). The trend of HU was decreasing from d 1 through 13, but the time of sampling made no difference for eggs in H 50 and B 50 groups.
The hatchability of fertile eggs (P = 0.0001), firstgrade chicks (P = 0.036), and early embryonic mortality (P < 0.0001) were influenced by the treatment effect, although mid-or late embryonic mortality were not affected (P > 0.05; treatments. Data on embryonic mortality suggested a decreased percentage of early embryonic mortality rate for H 25 (8.9), H 50 (9.3), B 25 (11.1), B 50 (7.8), BTP 25 (9.7), and BTP 50 (11.9), compared with that of control group (15.0).
DISCUSSION
The present study aimed to provide an approach to ameliorate the detrimental effect of extended holding periods on hatchability rate and chick quality. The data suggested an improved hatchability, but an unaffected chick quality, in eggs receiving H, B, or BTP in ovo, associated with an effect on certain egg internal characteristics. Tris-injected eggs, however, suffered from a profound decrease in hatchability, although no effect was found on their internal characteristics during the storage period.
It is well established, as confirmed by the current data, that albumen pH increases during storage (Lapão et al., 1999) . The eggs in H 25 , H 50 , B 50 , and BTP 25 groups, however, showed an overall decrease of 0.30 units in albumen pH compared with the control, essentially due to the lower pH levels during the 2 through 5 d of storage period. No differences in albumen pH were found among the experimental groups from d 5 onward, suggesting the inefficacy of the buffers to withstand the increase in albumen pH. In preparing the buffer solutions, several considerations were taken into account. Regarding the pH at which the solutions were adjusted, a pH level of 8.2 found to be adequate because the buffering capacity of albumen is said to be weakest between pH 7.5 and 8.5 (Cotterill et al., 1959) and albumen pH is within this range between 0 and 4 d of storage . In addition, the pH level of 8.2 is within the optimum pH range for embryonic development (7.9 to 8.4; Reijrink et al., 2008) , which also corresponds to the pKa values of the buffer solutions so that the maximum buffering capacity could be provided (Lehninger, 1975) . Because a buffer should not alter the ionic strength of the system as far as possible (Ellis and Morrison, 1982) , a molarity of 50 mM was considered as the maximum dosing level in the current work. Given the holding temperature of the eggs during the storage, the solutions were adjusted for a working temperature of 13°C. The chronological pattern of increase in albumen pH during storage was the reason why the solutions were administered before the storage period. Most of increase in albumen pH occurs during the first 4 d of the holding period (Lapão et al., 1999) . Further, a previous study showed that the in ovo injection of bicarbonate and phosphate buffer solutions at 4 d of storage did not affect the albumen pH (Ebrahimi et al., 2012) . On the other hand, it has been stated that storing the eggs longer than 7 d negatively influences hatchability (Fasenko, 2007) . We hypothesized that the contribution of an alkaline albumen pH to the decreased hatchability beyond d 7, if any, might take place previously during the first week of storage. In other words, an increase in albumen pH during early storage might be associated with a late effect, appearing during late storage or early incubation as early embryonic mortality. Therefore, injecting the buffers some time before increase in albumen pH (d 1) could potentially better improve the hatchability rate. It appears, from the current data, that the buffer could provide an efficient barrier against the rapid increase in albumen pH during early storage. Both the low and high molarity H solutions decreased the albumen pH as did B 50 , but not B 25 , probably due to a higher buffering capacity of B solution at its higher molarity. The reason for an unaffected albumen pH in eggs receiving the high molarity BTP solution (BTP 50 ) compared with that in BTP 25 -injected eggs is unknown. Irrespective of the dosing level, Tris buffer did not influence the albumen pH, which might be because of its low buffering capacity at the molarities used.
Storing the eggs results in albumen liquefaction (Brake et al., 1997) , associated with a decrease in albumen index and HU. The present data suggested an alleviation in the rate of decrease in albumen index and HU in eggs receiving H 50 and B 50 , so that the effect of time on albumen index and HU was not significant in these groups and values almost 10 units higher than that in the control group were recorded at 13 d of storage. Regarding the formula used to calculate the albumen index, an increase in albumen index might be due to an increase in albumen height or to a decrease in albumen diameter or to both. Separate analysis of data on the height and diameter of albumen showed a decreased albumen diameter, but an unaffected albumen height, in H 50 and B 50 groups. This finding might imply a lower degradation of albumen protein (e.g., ovomucin) because alterations in albumen quality indices are associated with those in albumen ovomucin (Toussant and Latshaw, 1999) . Interestingly, the eggs in H 25 , H 50 , B 25 , and BTP 25 groups showed an overall 6% increase in hatchability rate compared with the control group, although in ovo injection of Tris buffer greatly impaired hatchability. The dry puncture by the needle or injecting the distilled water did not influence hatchability; therefore, the conclusion is justified that the active ingredients injected contributed to improve hatchability. The higher hatchability rates recorded for aforementioned groups was associated with a lower early embryonic mortality rate, including the mortalities during the holding period and those during early incubation. Further analysis of the data showed a decrease in the number of dead embryos aging 3 to 6 d (Hamburger and Hamilton, 1951) . In other words, no differences were found in the proportion of embryonic mortality during the first 3 d of incubation among the experimental groups, suggesting that the number of viable embryos at setting (d 1 of incubation) was not affected by treatment effect. Accordingly, the lower early embryonic mortality might be an indicative of a carryover effect of the buffers injected during the storage period. Whether the treatment affected the events at early incubation may not be discerned from the present data. However, the egg internal characteristics during the storage period might be investigated to explain the higher hatchability rates in the eggs receiving H 25 , H 50 , B 25 , and BTP 25 , because changes in egg internal quality during the storage may affect hatchability and chick quality (Reijrink et al., 2009) . Among the egg internal characteristics, albumen structure is said to be a dominant factor in successful development of the germ from anaerobic to aerobic metabolism (Christensen et al., 2001 ). In the current work, the higher hatchability rate in H 50 and B 50 groups (but not in H 25 or BTP 25 ) corresponded to higher HU values. All of these 4 groups, however, recorded a decreased albumen pH, suggesting that the albumen pH contributed to the higher hatchability rates. Reijrink et al. (2010) stated that the albumen pH during egg storage may not be important for embryonic survival during the incubation after prolonged egg storage, but the albumen pH during early incubation may be crucial. On the other hand, in an early report on the effect of pre-setting high CO 2 concentration on embryonic viability, the albumen pH in long-term stored eggs was decreased to the level in a fresh-laid egg (Becker et al., 1968) . Given an unaffected hatchability, these workers concluded that the high level of albumen pH during storage negatively affected the embryonic viability at prolonged egg storage. However, Gillespie and McHanwell (1987) reported only a 0.1 to 0.2 unit change in intraembryonic pH in embryos subjected to pH ranging from 6.8 to 9.0. They suggested that an effective barrier between the inside of the embryo and its exterior protected the embryo from suboptimal pH levels. Regarding the decreased albumen pH during the first week of holding period in the current work in groups with higher hatchability rates, it is assumed that albumen pH during the storage may also be crucial to embryonic survival during incubation. It is speculated that the pH of the surrounding environment might have affected the ionic balance of the embryo in such a way that its biological homeostasis has been better held. The embryonic survival mechanism(s) associated with the decreased albumen pH, however, is (are) to be determined. The evaluation of egg and embryonic characteristics at early incubation may be beneficial to gain more insight into the plausible mechanism(s) involved. Regarding the similarity in the chemical structures of Tris and BTP, a profound decreased hatchability rate in Tris-injected eggs raises the question of why the hatchability response in the eggs receiving Tris buffer was so different from that found in BTP group.
Overall, the present data may be promising to provide an alternative avenue to overcome the negativeassociated effects of long-term storage on hatchability through prestorage in ovo injection of biological buffers. Among the buffers used, H, B, and BTP improved the hatchability rate, associated with a decreased albumen pH during the first week of storage period. Further investigations are warranted to characterize the biochemical and molecular responses of embryo to biological buffers during the holding period and early incubation. Irrespective of the mechanisms involved, the present findings demonstrated that the in ovo injection of H 25 , H 50 , B 50 , and BTP 25 was beneficial to hatchability through decreasing the early embryonic mortality rate, but the opposite occurred in Tris-injected eggs. Although a second trial could not be conducted to confirm the present findings due to experimental limitations and availability of resources, the current approach may find an application in the poultry industry once the performance and other associated effects are evaluated in the chicks emerged from the buffer-injected hatching eggs.
